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ABSTRACT 

Typical tests performed with an electronic load involve relatively high currents and often 
require that the load current is turned on and/or off rapidly. Either or both of these 
conditions place significant performance demands on the electronic load AND THE 
WIRES CONDUCTING ELECTRICITY FROM THE DEVICE UNDER TEST TO THE 
ELECTRONIC LOAD. Ideally, making the connecting wires as short and as large as 
possible eliminates many of the measurement problems introduced by the connecting 
wires; however, this is not always possible. This Application Note reviews the impacts of 
connecting wire length and size on the measurement process and introduces some 
practical means of minimizing the impact of length and size.

I. INTRODUCTION 

Fundamentally, an electronic load maintains a specific current flow from a device under 
test. In its most simple form, an electronic load can be viewed as an electronically 
controlled variable resistance. This resistance is electronically adjusted to maintain the 
desired current or other electrical parameter (more on that later).  

This simple view is diagrammed in Figure 1. In this figure, the Source (represented by 
the battery of voltage E) is connected to the Load (represented by the variable resistor) by 
two wires. The current drawn by the Load (I) is equal everywhere in the circuit. 
Therefore the same current drawn from the Source flows through both wires, the load 
resistance (RL) and the shunt resistance (RS).

For all practical purposes, the current drawn from the load has a value of: I = E / RL. The 
shunt resistance is very small when compared to all other resistances in the circuit and 
therefore has little impact on the total current flow. No matter how small the shunt 
resistance, the voltage developed across the shunt still obeys Ohms Law and therefore has 
a value of:  ES = I  X  RS. That small voltage is monitored by the Load’s electronic 
control circuits which, in turn, adjust the value of RL to maintain the desired current.  
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Figure 1 – The basic electronic load 

In its most common form, an electronic load is used to maintain a constant current 
flowing from the source regardless of changes in the source voltage. Therefore, in CC 
(Constant Current) mode, the control circuit’s job is to adjust the value of RL to maintain 
the desired current I.

Today’s modern electronic loads add circuits to the CC circuits that allow the user to 
select operating modes where the current is maintained at such a value as to load the 
source in the CP (Constant Power), CV (Constant Voltage), or CR (Constant 
Resistance—sometimes referred to as Constant Conductance) modes. In each case, the 
control circuits measure the current flowing in the circuit and the voltage across the load 
and use the laws relating current, voltage, resistance and power to adjust the value of RL
to maintain the current, power, voltage or resistance set by the operator.  

So ends theoretical operation! Now for some practical issues.  

II. CONNECTING WIRE RESISTANCE 

In real life, we must deal with a total measurement circuit that looks more like the one 
diagrammed in Figure 2. 
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Figure 2 – An electronic load connected to a source via real-world wires 

Here we see the addition of resistance from the wires (RW)—and we note that there is a 
resistance (typically the same) for each of the two wires that connect the Source to the 
Load. What is the impact of adding the wire resistance (2 X RW)? Simply, these 
resistances cause a voltage drop that has a value of: EW = I  X  RW (again, remember this 
will be times 2 as there is an equal resistance in the wire through which current flows to 
the Load and in the wire through which current flows back to the Source).

As shown in the figures, the typical electronic load uses the voltage across its input 
terminals and the current flowing into and out of its input terminals to control the value of 
the load resistance. Now, however, the voltage at the load’s input terminals is equal to the 
Source voltage MINUS 2 X EW.

OK—so you use big wires to connect the battery to the electronic load. What harm can a 
little wire resistance do?  

The table in Appendix A shows the values of resistance one can expect to find for various 
sizes and lengths of copper wire (sizes and length often encountered in practical 
situations where electronic loads are used to test devices such as batteries, fuel cells, 
battery chargers, power supplies, etc.).

Let’s presume we have connected our Source to our Load with two 10’ pieces of #6 
copper wire. From the table we see that each wire has a resistance of 3.951 m  (get 
real—approximately 0.004 ) for a total extra circuit resistance of 0.008 .

Now, let’s suppose we are testing our battery to see how it behaves with a 100 Ampere 
current draw. We find that the voltage loss from the connecting wires has a value of: 

E2W = I  X  RW  X  2 = 100 A  X  0.008     =   0.8 Volts.
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So, instead of 12 Volts (the battery voltage) at the Load terminals we find 12.0 – 0.8 volts 
or 11.2 Volts.

So, what does this matter? Well, in CC mode, not much. After all, we wanted a current of 
100 Amperes and 100 Amperes it is. How about CP (Constant Power)? That is a different 
kettle of fish. In keeping with our 100 Ampere theme, suppose the Load has been set for 
1,200 watts (100 Amperes @ 12 Volts). In this case, the Load sees 11.8 Volts not 12 
Volts. Therefore it sets a current of 101.7 Amperes (1200 Watts = 11.8 Volts X 101.7 
Amperes). The battery, however, is supplying 101.7 Amperes at 12 Volts or 1220.3 
Watts—an error of 1.7% in the desired CP setting.  

Similar errors occur if you are trying to set the Load in the CV (Constant Voltage) or in 
the CR (Constant Resistance) modes—errors due to the voltage drop on a short, heavy 
(10’, #6) wires.

Fairly clearly the solution to this problem lies in the table shown in Appendix A. That is, 
use a shorter and/or heavier cable. Additionally, it is very important to use clean, tight 
and low resistance connections—both on the Source and at the Load’s input terminals 
(see Figure 3). Frequently and usually because it is expeditious, connections to a source 
such as a battery with lead posts is simply made by hand tightening the connector on the 
battery terminal. Often, this becomes a high-resistance (remember high resistance here is 
a relative term which we must compare to an undesirability high cable resistance of 0.008 

). Terminals should also be cleaned regularly. Often terminals on batteries are exposed 
to corrosive vapors released when the batteries are charged/discharged. This corrosion 
creates a high-resistance (relatively) film on the battery terminal. Likewise, even a copper 
input connector on the electronic load can oxidize—and copper oxide is also a high 
resistance material.  
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Figure 3 – Typical high-current electronic load cable connections 

Alternatively (if available) you can use the electronic load’s “Remote Sense” feature. 
When using Remote Sense, the reference voltage is not measured at the Load’s input 
terminals but rather at the Load itself. Although this sounds like a simple solution, it is 
infrequently used as remote sensing often causes the electronic load to exhibit instability 
and oscillations if not implemented with great care.  

III. CONNECTING WIRE INDUCTANCE 

Unfortunately, difficulties with the wires connecting the Source to the Load do not end 
once we have accounted for the wire resistance. Wires have an additional electrical 
property called inductance. Inductance is the property of a current carrying conductor that 
tends to oppose the flow of changing currents in the conductor due to the interaction of 
changing magnetic fields generated by the changing current with the conductor itself.  

A modified view of our Source/Load diagram showing the inclusion of wire inductance is 
shown in Figure 4. In this figure, the inductance of the connecting wires is shown as LW.
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Figure 4 – Connecting the electronic load to a source through wires with inductance 

The inductance of electrical wires between the Source and the Load often cause 
significant measurement problems.  This problem, caused by the interaction between a 
sudden change in current and the wire’s inductance, generates an additional voltage 
across the wire (which therefore also appears at the electronic load as a difference 
between the Source voltage and the voltage seen by the Load).  

The voltage drop across the wires due to their inductance and the change ( ) in current in 
the wire can be calculated by the formula: 

 Voltage over time = Inductance X    Current over time 

So, does this matter? 

Like most things, the answer is maybe. It doesn’t matter if the time frame of 
measurement interest is very great with respect to the time span for the current change. 
So, for long-term testing, the issue of connecting wire inductance can be ignored—IF 
THE ELECTRONIC LOAD HAS BEEN DESIGNED TO REMAIN STABLE (i.e not 
oscillate) WITH AN INDUCTIVE INPUT. 

Unfortunately many times we need to perform measurements while the current is 
changing. Let’s look at an example. We return to our 12 Volt battery connected to an 
electronic load. This time we are not going to have measurement problems caused by too 
much wire resistance! So, we use two 10’ #1 wires. Again, the battery is to be tested at a 
draw of 100 Amperes.  
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In this case, #1 copper wire has a resistance of 0.0001239 Ohms/Foot. Therefore, the 20 
foot round trip resistance is 0.002478 Ohms. When a current of 100 Amperes is drawn, 
the voltage drop is: 

Voltage = Current  X  Resistance = 0.002478 Ohms  X  100 Amperes = 0.2478 Volts   

Thus, the voltage at the input terminals of the electronic load is less than the battery’s 
voltage by an amount equal to the “IR” drop. In this example, this is approximately ¼ 
Volt out of 12 Volts or just a little over a 2% voltage change—much better than the 0.8 
Volt drop from our earlier example with #6 wires.   

So, where does inductance come into the picture? A 20 foot length (two 10’ lengths) of 
#1 wire has an inductance of approximately 3 μH (micro Henrys—0.000003 H or 3,000 
nH as shown in the table in Appendix B). To keep the arithmetic simple, assume that the 
100 Ampere current is switched on so that the change from zero Amperes to 100 
Amperes occurs in 1/10,000th of a second (100 μS). Using the formula for voltage 
developed by a change in current in an inductor we find: 

 Voltage = Inductance  X  Current = 3 μH  X  100 Amperes /1 μSecond = 3 Volts. 

Here we find a change in voltage from the inductance that is approximately10 TIMES the 
change in voltage from the resistance—and this is if the change in current is leisurely (i.e. 
occurs in 1/10,000th of a second). More than likely, the change in current will happen in a 
time between 1/10,000th or 1/100,000th of a second. In the later case, the voltage change 
from the inductance in the wires would be100 times as great as the change from resistive 
drop—now we will see a momentary voltage spike at the load input terminals that is 
nearly 3 times the value of the battery voltage.

Where does this cause a problem? Well, fortunately (and unfortunately as well—swords 
often have two edges) this is only momentary. However, momentarily, in our example 
above, the electronic load is attempting to regulate 15 Volts (vs. 12 Volts) to a current of 
100 Amperes—and, it must do this very quickly (i.e. in something like 1/10,000th of a 
second).

If the electronic load is very fast, it can compensate for this spike in input voltage. To the 
degree that it cannot correct for this rapid change in input voltage, the current drawn will 
increase in direct proportion to the increase in voltage. So, in this case, an electronic load 
adjusted to cause a constant 100 Ampere current to flow with 12 Volts applied might 
allow a current increase to 125 Amperes for a short time (perhaps not the entire 
1/10,000th of a second, but for some significant portion of that time). In many situations 
this results in a significant measurement error. Figure 5 shows how the current in a load 
might respond to a rapid change. Note the momentary “overshoot” of current 
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immediately following the point in time when the current rapidly changes from zero to its 
full value.  

Figure 5 – A current spike or overshoot caused by rapid change in input current. 

OUCH! 

So, what can be done about this? 

Fortunately, inductance is a property of the wires that can be configured to work for us 
(as well as against us). Again, the property of inductance is caused by the changing 
magnetic field generated by a wire with a changing current. The changing current 
develops a changing magnetic field. This changing magnetic field causes an opposite 
current to flow in the wire. This opposite current, combined with the initial current, 
reduces the overall current flowing in the wire thus reducing the overall current flow—
just like a resistance in the wire would do.

But this can be turned into an advantage. If two wires are in close proximity and the two 
wires carry equal and opposite currents (the current flowing into the Load and the current 
returning to the battery), then they generate equal and opposite magnetic fields. These 
equal and opposite magnetic fields tend to cancel each other out. This interaction between 
the two magnetic fields is called mutual inductance.  

Great! So how do we ensure that these fields cancel each other? 

One approach is to simply make sure that the wires carrying current to and from the Load 
are in close proximity to each other. Lashing them together with cable ties helps. 
Although this makes a significant difference, measurements will show that there is still a 
significant amount of the inductance that is not canceled out—and as we have seen, even 
a small amount of inductance can introduce measurement errors. 
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So, how do we ensure that we have maximized the use of mutual inductance to reduce the 
total cabling inductance as much as possible? 

Enter the twisted pair—see Figure 6. 

Figure 6 – One end of a #6 twisted pair with a twist of 2.5” 

Here are samples of the inductance found when looking into a pair of 32” #6 wires joined 
at one end (to form a closed loop) but with different physical configurations: 

Physical Arrangement Inductance
Circle 1.5 μH
Parallel (spaced about 2” apart) 1.0 μH 
Parallel (spaced as closely as the insulation will allow) 0.75 μH 
Twisted together (about one twist every 4”) 0.6 μH 
Twisted together (about one twist every 2 ½”) 0.48 μH 

From the data in the table, we can make the following observations: 

The maximum inductance occurs with a circle (wires are as far apart as 
possible—i.e. very little interaction between their two magnetic fields) 
As the wires become closer and closer, the total inductance of the two wires 
decreases
Twisting the two wires together substantially enhances the effort to decrease the 
inductance—and the tighter the twist the better (not easy with #6 wire!) 

Let’s take a look at another approach.

As a benchmark, the resistance and inductance characteristics for two 32” pieces of # 1 
copper wire are: resistance = 0.00012 Ohms per foot for a total resistance of 0.0006 
and Inductance of 0.6 μH. 
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If one builds an equivalent cable by twisting 16 pieces of #10 wire (8 coming and 8 
going) into a braided cable, the resistance is also 0.0006 ; however, the inductance falls 
to 0.2 μH. See Figure 7.

Figure 7 – A #1 pair equivalent cable made from twisting 16 pieces of #10 wire. 

What does twisting do?  Twisting ensures that the magnetic field generated by current 
traveling in one conductor is, on the average, uniformly coupled into the other wires and 
therefore ensures the best approximation possible to a balance between the magnetic 
fields generated by the current that is flowing “into” the load and the current flowing 
“away from” the load.  

If we want to increase the uniformity of the magnetic fields, we use tighter twisting (i.e. 
more twists per unit length). Additionally, using many smaller wires to make up a cable 
with the equivalent resistance of a larger wire, simply ensures greater uniformity of the 
magnetic field and therefore reduces the inductance—and, to some degree—it makes a 
more flexible (mechanically) cable which can be a real advantage when working with the 
likes of #1 or larger wires. 

Twisting is not the only measure one can take to reduce inductance. The inductance of a 
conductor is proportional to its length (longer means more inductance), and inversely 
proportional to its width and proximity to adjacent conductors. So, flat, closely spaced 
conductors also are low inductance. Laminated bus bars are a good example of such an 
inductance reducing mechanism; however, they are often difficult to implement 
physically.

Inductance also increases if the wire is coiled or if there is a magnetic material (like steel 
or iron) in close proximity to the wire. Therefore, wrapping excess cable around a steel 
support post to keep the area tidy is not recommended if you want low inductance! 

Note: bringing two wires in close proximity to each other does increase the capacitance 
between the two conductors. Unfortunately, not only is energy stored in magnetic fields, 
but it is also stored in a capacitor. Fortunately, in the case of most electronic loads, the 
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small amount of increased capacitance that occurs when twisting wires together does not 
result in a capacitance increase that is meaningful for these types of measurements.  

IV.  SUMMARY 

The performance of an electronic load not only depends on the electrical characteristics 
of the electronic load itself but also on the wires connecting the source to the load and the 
quality of the connections themselves. The user must be aware of the impacts of wire 
resistance and wire inductance, and connection quality. Just how the resistance and 
inductance will effect measurements is highly dependent on what measurements are 
being taken.

Additionally, the effect on measurements is also dependent on how well (quickly) the 
electronic load is able to respond to changes in voltage and current at its input terminals. 
A load that has the ability to respond quickly to changes in input voltage/current will 
substantially minimize the impact of wire inductance. The waveform shown in Appendix
C demonstrates what can be expected from a fast responding load. It shows how a fast 
responding electronic load is able to correct for rapid current transitions.
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A PPM APPLICATION NOTE 
Does Twisting Matter? 

Or, The Benefits of a Twisted Cable

PPM, Inc.  23500 Mercantile Rd.  Unit I  Cleveland, OH 44122 

APPENDIX C 

50 μsec per division 
40 Amperes per division  
Pulse 0 to Approx 190 Amperes 
Input voltage approximately 12 Volts 
This represents a load resistance of 63m
Rise time 0 Amperes to settle at 190 Amperes is approximately 35 μSec 

Analysis: 
Rise time is 190 Amperes in about 30μSec 
That is 190/30 μSec
This computes to about 633,333 Amperes/Sec di/dt 

Voltage developed is L*di/dt 
Inductance of 1/0 wire @5 feet is 550nH or 550
Voltage developed is  633,333 x 550nH = 3.5 Volts 

This voltage will add to the source voltage and increase it to 15.5 Volts. 
Instantaneous current will rise to 246 Amperes 
If the load is doing its job, this should be recovered quickly.  As indicated above in the actual physical 
example: 
Current increased to 256 Amperes in 30 μSec 
Power load recovered and controlled to 190 Amperes in  less than 10 μSec. 
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